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Abstract. This article investigates the effect of the filling ratio of the indirect rotary dryers on
their operating characteristics. For moist biomass drying before combustion, the use of indirect drum
dryers heated by a low pressure steam has proven to be highly suitable. Regarding the design of new
dryers, it is necessary to experimentally verify the operating characteristics for specific materials and
drying conditions. For this purpose, a set of experiments on a steam heated rotary drum dryer were
carried out with green wood chips containing 60 to 66 wt% of moisture. The following operational
characteristics of the dryer were experimentally determined: drying curves describing the process,
square and volumetric evaporation capacities and drying heat consumptions. Based on the experimental
results, the effect of various drum filling by dried material on the mentioned operating characteristics
was analysed. On the one hand, higher drum filling ratio increases the drying time, on the other hand,
the evaporation capacity also increases, while the specific energy consumption does not significantly
alter. The maximum value of the evaporation capacity was reached when the drum was filled to 20
wt%. When the filling ratio was increased to 25 wt%, the evaporation capacity experienced almost no
change.
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1. Introduction
The progress in the use of biomass as a renewable
energy source for energy purposes depletes the capac-
ity of its traditional high-quality forms such as wood,
straw, etc. Due to the rising price of fuels, low-rank
biomass, whose use is often complicated by high wa-
ter content and which was previously considered as a
waste material with a disposal problem, becomes at-
tractive [1]. Nowadays, it is advantageous to use these
materials despite poorer operating characteristics or
higher demands on the operation of the technology in
regards to these factors being eliminated due to the
low cost of these materials [1].
Most types of biomass are usually inhomogeneous
and vary in quality. Material particles often have a
non-uniform granulometry and a high water content
affected by the origin and material storage [2]. The
water content of residual and waste wood is up to
50% by weight. Even waste biomass from the food
industry (distilleries, breweries, etc.) has a water
content ranging from 70 to 95wt% [1]. Therefore,
drying is an essential process for preparing the op-
timal conditions for a further energetic utilization.
Biomass drying improves the fuel heating value and
the combustion efficiency, reduces requirements for
boiler auxiliary equipment, often reduces emissions
and improves boiler operation [3, 4].
Industrial drying is an evaporation of water by trans-
ferring heat to the material. There are two main ways
of heat transfer to the material: conduction (contact
or indirect dryers) or convection (direct dryers) [3, 5].
In indirect dryers, the dried material is separated by
a heat transfer surface from the heating medium, it
is often steam or hot water. In direct dryers, the
dried material and the heating medium are in a direct
contact. The drying medium is often hot air, flue gas
or steam [6].
The majority of industrial dryers use hot air or
flue gas as the drying medium in the direct type
configuration [5]. For drying the material in large
industrial plants, these variants are commonly used:
rotary dryers, fluidized bed dryers and pneumatic
dryers [7]. However, these dryers have a relatively low
thermal efficiency because the drying medium carried
away from the dryer together with the evaporated
moisture contains too much waste heat. The most
commonly used types of biomass dryers are [3, 5]:
• Convective
. Flash
. Fluidized bed
. Rotary
• Contact
. Rotary tube
A practical utilization of convective dryers is tradi-
tional and proven, while the use of indirect dryers is
not so widespread due to their larger size, higher cost
and more complicated design, requiring experimen-
tally verified drying characteristics. However, a major
advantage of the indirect drying is the significantly
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Dryer type Typical energy consumption[MJ per kg of evaporated water]
Tunnel dryer 5.5− 6.0
Band dryer 4.0− 6.0
Impingement dryer 5.0− 7.0
Rotary dryer 4.6− 9.2
Fluid bed dryer 4.0− 6.0
Flash dryer 4.5− 9.0
Spray dryer 4.5− 11.5
Drum dryer (for pastes) 3.2− 6.5
Table 1. Energy consumption for selected dryers [5].
lower energy intensity, which is fully apparent when
large quantities of a material have to be dried.
Drying is an energy consuming process, so the choice
of a suitable type of the dryer has to take into account
both the dried material’s properties and energy de-
mands [1, 3]. The energy efficiency of conventional air
dryers varies between 22 and 10wt%, but the exergy
efficiency is less than 16wt% [8]. For the dryers with
an indirect steam heating system, the exergy efficiency
is considerably higher than for other dryers using air
or steam [9]. The research into innovative methods fo-
cuses on increasing the energy efficiency of the process.
The approximate values of the energy consumption
of commonly used types of industrial dryers based on
the current practice are shown in Table 1.
In general, indirect dryers have a better energy ef-
ficiency. The typical energy consumption of indirect
dryers ranges between 2.8 and 3.6MJ per kg of evapo-
rated water, while direct dryers consume 4.0 – 6.0MJ
per kg of water evaporated [5].
2. Indirect drying
Indirect (contact) dryers have a wide range of utiliza-
tion for drying a variety of materials from food and
dairy products through energy fuels, such as coal and
biofuels, to chemical and other miscellaneous prod-
ucts, such as peat, pigments, carbon black, colloidal
clay and many kinds of sludge [5]. The advantage of
indirect drying is the increased possibility of recov-
ering the latent heat of waste steam obtained from
evaporated water, which is not mixed and polluted by
the drying medium as in the case of direct drying [1].
When the dryer is open to the atmosphere at the
material input and output zones, there is a small
amount of air present in the drying chamber. Drying
occurs in an atmosphere corresponding with slightly
superheated steam at an ambient pressure [10]. For
atmospheric pressure indirect dryer design with mini-
mal ambient air penetration, the waste vapour leaves
the process at a temperature close to 100 °C and its
condensing temperature decreases only slightly, de-
pending on the air content [11]. The condensing heat
of this vapour can be easily returned to the process
for a further increase in the total efficiency of the
system with an integrated indirect drying or utilized
for external consumption [11].
The accurate prediction of heat transfer conditions
is of a significant importance for the design and op-
timization of the operation of these facilities. The
theoretical basis of the heat transfer in contact dry-
ing process has been investigated by Schlünder and
co-workers [12–15]. They introduced the heat transfer
from a hot surface to the bed of particulate dried
material, which is free flowing or mechanically agi-
tated. For a correct and reliable design of real dryers
with a sufficient accuracy, it is necessary to measure
and evaluate drying rates and drying times for each
specific material to predict and optimize the drying
processes in a wider range of operating parameters.
The biomass characteristics, such as water content,
bulk density, particle size distribution, influence the
operating parameters of the dryer including the en-
ergy demand [16]. The final moisture content of the
dried material is strongly influenced by the particle
diameter and heating medium temperature [17]. A
good circulation of biomass particles in the dryers is
desired for an intensive and stable drying process [18].
For many kinds of biomass such as highly nonhomo-
geneous materials with variable particle size rotary
drum dryers are most suitable to use [5, 7, 19]. Design-
ing new devices requires experimental determination
of the transferable operating characteristics for the
specific dried material properties and selected dryer
type.
The evaporation capacity is the main operating
characteristics used for the dryer design. The evap-
oration capacity indicates the amount of evaporated
water from the dried material relative to the area or
volume of the dryer [5]. According to the conditions
in the heat transfer process and the type of dryer, the
square or volumetric evaporation capacity is used.
For the design of conventional direct rotary dryers,
volumetric evaporation capacity is used. For indirect
dryers, it is more suitable to use square evaporation
capacity. The value of the capacity is influenced by
the following operation parameters [10, 11]:
• temperature of the heating medium
• material filling ratio in the dryer
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• water content in the material
• dryer revolutions and inclination
The temperature of the heating medium, water
content in the material, the dryer revolutions and the
inclination are usually given by the design of the dryer
or by the operating conditions. This paper focuses
on the influence of the dryer filling ratio on other
operating characteristics. The dryer filling ratio FR
is defined as a ratio of a dried material volume Vmat
to a dryer volume Vdryer
FR = Vmat
Vdryer
. (1)
For conventional direct rotary dryers, the recom-
mended filling ratio of the dryer by solids is from 10
to 15% of its volume [5]. For indirect dryers, there is
no generally recommended value.
3. Experimental indirect dryer
The experimental indirect dryer (Fig. 1) has a drum
configuration with steam as a heating medium. The
rotating drum consists of tubes with condensing steam
inside. The drying chamber has a diameter of 0.6m
and a length of 2m. The drum has an adjustable
revolution speed. The dryer is heated by saturated
steam from a steam network with regulated pressure
ranging up to 6 bar. The drying capacity is about
20 kg of evaporated water per hour. The drum is
insulated externally with a fibre insulation.
The drum design is shown in Figure 2. Internal
fitting and flights increase the total heated surface to
twice the drum surface. After a single pass through
the dryer, the material is reinserted into the inlet
screw feeder and goes through the dryer repeatedly.
This procedure simulates a longer drum dimension,
thus providing the necessary drying time. It enables
the collection of samples of the material for analysis
of the actual water content during the drying and
adjusting the necessary drying time to achieve the
final drying of the material.
4. Results
A set of experiments was carried out on a rotary steam
heated dryer with green wood chips. The obtained
results were compared with previous experiments of
wet bark drying under similar operating conditions
as described in [3]. The inlet water content for both
tested types of biomass was similar and ranged from 60
to 66wt%. The following operational characteristics
of the dryer were experimentally determined: a drying
curve to describe the process, square and volumetric
evaporation capacities and drying energy consumption.
The tested range of the dryer filling ratio was from 8
to 24wt%.
The pressure of the heating steam was 3.2 bars
(which corresponds with a saturation temperature
of 136 °C) for all experiments. The rotation speed of
the drum was 2.9 rpm. The overpressure measured
within the dryer ranged from 10 to 20Pa, which is a
negligible difference to the atmosphere pressure. After
the material got through the dryer, in approximately
ten-minute intervals, it was recirculated again into
the dryer input. This process substitutes a longer
drum dimension and drying time. It also allows mate-
rial sample collection to determine the actual water
content during the drying process.
At the beginning of each measurement, the water
content of the material is determined by the labora-
tory. After each pass through the dryer, a sample is
taken to measure the moisture loss of the material
over time. From the amount of evaporated water,
it is possible to determine the change in the water
content of the material and the values of the evap-
oration capacity. The temperature of the removed
material is approximately 80 °C. The heat loss during
the fuel transport is included in the overall energy
consumption of the dryer, which is determined from
the amount of delivered heating steam. This loss is
negligible compared to the total energy required for
the drying process.
The drying process is usually illustrated by a drying
curve defining the dependence of the actual water
content in the material on the drying time during the
process [1]. Drying curves for measurements with a
filling ratio of 12, 16 and 24wt% are shown in Figure 3.
The values are shown at approximate intervals of
10 minutes. Material is recirculated in small portions
during periods of several minutes, in order to minimize
this period when the material is out of the dryer. The
time of one pass through the dryer depends on the
revolutions of the drum and the amount of material.
The whole material charge passes through the dryer
during the period of 20 to 30 minutes.
If the dryer filling ratio is larger, it is necessary to
evaporate more water from the material, and therefore
a longer drying time is required. Since the drying time
varies with different filling ratios, it is preferable to
characterize the drying process with a specific evapo-
ration capacity per hour and unit of surface or volume.
In order to appropriately compare measurements, the
evaporation capacity values are determined for dry-
ing to a similar value of final water content around
40wt% in dried material to illustrate the intensity of
drying process in the developed phase. The evaluated
values of the evaporation capacities for measurements
with various filling ratios are shown in Figure 4 and
Figure 5.
The results for wood chips and bark fall very close to
the approximation curve, showing very similar drying
properties in both materials. The evaporation capaci-
ties non-linearly rise with an increasing filling ratio up
to the level of 20wt%. Between the level from 20 to
25wt%, the square evaporation capacity was between
2.49 and 2.71 kg·h−1·m−2 resp. volume evaporation
capacity between 26.8 and 29.1 kg·h−1·m−3.
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Figure 1. Experimental indirect dryer.
Figure 2. Steam heated rotary drum.
Figure 3. Drying curves for various filling ratio.
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Figure 4. Square evaporation capacity in the dependence on the drum filling ratio.
Figure 5. Volumetric evaporation capacity in the dependence on the drum filling ratio.
The energy intensity of the drying is influenced by
the heat loss, which depends on the specific solution
of the equipment and the thermal insulation. To de-
termine the value of energy consumption without heat
loss, a dryer operation without a material charge was
measured and balanced. The heat loss was expressed
by an increase in the heating steam consumption or
condensate production by 3 kg per hour, which was
approximately between 10 to 20wt% of the supplied
heat depending on the utilization rate. The energy
consumption without heat loss was found to be be-
tween 2.67 and 3.34MJ per 1 kg of evaporated water
for biomass in the form of wood chips or bark.
5. Discussion
The initial growth of the evaporation capacity at the
higher filling of the drum is related to the increase
in the contact area of the material with the heated
surface of the dryer. However, this effect is gradually
dampened by the deterioration of heat transfer to
the growing layer of the material that imposes con-
siderable resistance to the heat conduction. Blending,
which should support the heat transfer process to
the material, has a limited effect and the evaporation
capacity no longer increases from the certain filling
ratio of the drum. The maximum value of the evapo-
ration capacity was reached when the drum was filled
to 20wt%. When the filling ratio was increased to
25wt%, the evaporation capacity experienced almost
no change. The maximum values of drying capac-
ities evaluated for specific tested materials, drying
conditions and the dryer type are 2.7 kg·h−1·m−2 or
29 kg·h−1·m−3. It can be expected that the maximum
value of the evaporation capacity would be maintained
even at a higher filling ratio, but with significantly
higher filling ratios, the specific drying rate may begin
to decrease.
The energy consumption does not depend on the
filling ratio. It mainly depends on the final degree of
material drying. The final water content determines
the types of water binding in the dried material, as
well as the ratio of the heat required for preheating
the material to the water evaporation temperature
and the heat used to evaporate the water portion from
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the material (the latent heat of water). To dry the
described woody materials with an inlet water content
in the range between 60 and 65wt% to a water content
of 40wt%, the energy consumption would theoretically
correspond to about 2.9MJ per 1 kg of evaporated
water. The energy consumption for the tested dryer
was experimentally verified as 2.7 to 3.3MJ per 1 kg of
evaporated water for the mentioned types of biomass.
In comparison with the commonly used types of dryers
[see Table 1], the energy consumption is significantly
lower. However, the lower energy consumption is
compensated by the larger dimensions of the dryer.
6. Conclusion
An energy efficient use of indirect dryers for drying
of green wood chips and wet bark was experimentally
verified on a steam heated rotary dryer and the impact
of drum filling ratio on the operating characteristics of
the dryer was analysed. The drying curve, the surface
and volumetric evaporation capacities and the energy
consumption were experimentally determined.
Based on the results, the maximum value of the
evaporation capacity was reached at a filling ratio
of more than 20wt%. It is evident that the drying
time is prolonged with an increasing dryer-filling ratio.
Thus, in this interval of the filling ratio, the evapo-
ration capacity does not significantly change and it
is suitable to adapt the drying process to other op-
erating conditions, such as the drying time or dryer
dimension.
The energy consumption related to 1 kg of evapo-
rated water does not depend on the filling ratio. It
mainly depends on the final degree of the material
drying. The values of the energy consumption are
similar for all dried materials and were experimentally
verified in the range from 2.7 to 3.3MJ per 1 kg of
evaporated water, which corresponds with the energy
consumption for material preheating and water evap-
oration. When evaluated, the energy consumption is
significantly lower in comparison with conventional
types of industrial dryers.
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